We previously found a dominant eye perceptional advantage in feature search (Vision Research, 2006). We now ask if this advantage extends to difficult conjunction search, which requires focused attention and depends on different cortical hierarchy levels. We determined eye dominance by the Hole-in-theCard test. Using red-green glasses, subjects viewed a briefly presented, backward-masked, array of red/green dotted squares and filled circles. On half of the trials a filled square target replaced one dotted square. There was significantly better performance when the target was seen by the dominant eye, suggesting its visual processing priority in slow, as in rapid search, perhaps including augmented attention to dominant eye representations. Binocular conjunction targets were found faster than monocular targets, though binocularity-as utrocular information-was insufficient to support reasonable detection levels.
1. Introduction
Eye dominance
Eye dominance is the tendency to prefer visual input from one eye to input from the other (e.g. . Subjects are more accurate; images appear clearer, more stabilized and perhaps larger (Coren, 1999; Freeman & Chapman, 1935; Lund, 1932; , 1982 , 1984 Schoen & Scofield, 1935) . In addition, imaging studies have shown larger and faster activation for dominant eye stimulation (Menon, Ogawa, Strupp, & Ugurbil, 1997; Mendola & Conner, 2007; Oishi, Tobimatsu, Arakawa, Taniwaki, & Kira, 2005; Rombouts, Barkhof, Sprenger, Valk, & Scheltens, 1996) . In view of these findings, one may hypothesize that inputs from the dominant eye may be more sensitive, responsive or numerous, and/or may capture attention more readily, leading to a more salient percept. Dominance seems to be a relatively fixed phenomenon , though it may switch from eye to eye with changes in horizontal eye position (Carey, 2001; Khan & Crawford, 2001 , with modulation of the hand being used (e.g. in the Holein-the-Card test; Khan & Crawford, 2001 and with changes of relative image size (Banks, Ghose, & Hillis, 2004) and distance (Roth, Lora, & Heilman, 2002) .
There are three criteria commonly used to determine which eye is dominant (Coren & Kaplan, 1973) : (1) the eye with better visual acuity (VA), contrast sensitivity, or other measure of visual function; (2) the eye in which a rivaling stimulus is most often perceived; and, (3) the eye used for sighting (e.g. when one looks at a distant object through a ring or card held in both hands, with both eyes open). Early studies found discrepancies between different eye dominance tests (Coren & Kaplan, 1973; Gronwall & Sampson, 1971; Hebben, Benjamins, & Milberg, 1981; Mills, 1925; Osburn & Klingsporn, 1998; Schoen & Scofield, 1935; Walls, 1951 ; see also Mendola & Conner, 2007; Pointer, 2007) . Nevertheless, there is now accumulating evidence suggesting a positive correlation between these three criteria (Coren & Porac, 1977; Handa et al., 2004; Porac, Whitford, & Coren, 1976) .
There are many versions of the sighting test, but the Hole-in-theCard test (where subjects sight a target through a hole in the middle of a card; Durand & Gould, 1910) is the most behaviorally reliable (Miles, 1928 (Miles, , 1929 . It is suggested that there is a single sighting dominant eye for each person (Mapp, Ono, & Barbeito, 2003) . However, there is evidence that sighting dominance may depend on the observer's knowledge about the task (Miles, 1929) , on the direction that the card is moved in the Card Test (Ono & Barbeito, 1982) , on the gaze angle (Khan & Crawford, 2001) , and on which hand the subject uses for the test (Carey, 2001) . Mapp et al. (2003) suggested that the sighting dominant eye is the eye which is used for monocular tasks and may have no unique functional role in normal binocular vision. However, attentional systems may be activated differently by the two eyes (Roth et al., 2002) , and information from the dominant eye may be processed more rapidly, as seen in reaction time (Minucci & Conners, 1964) and search and recognition studies (Money, 1972; Porac & Coren, 1979; Sampson & Spong, 1962) . In addition, eye-movements may be related to sighting dominance, with the dominant eye initiating muscular adjustments involved in fixation (Walls, 1951) . Furthermore, less inhibition from the non-dominant eye may lead to faster processing for the dominant eye (Büchert et al., 2002; Wade, 1975). This superiority of the dominant sighting eye may allow subjects to know from which eye a stimulus originates (Blake & Cormack, 1979) , but subjects are unable to voluntarily direct attention to a specific eye (Kimchi, Trainin, & Gopher, 1995) and ocular dominance may be insufficient for such utrocular discrimination (Porac & Coren, 1986) .
We previously found superior performance for the dominant eye in a Feature Search task and studied the characteristics of this advantage (Shneor & Hochstein, 2006) . The goal of the present study was to find if there is a behavioral effect of performing a slower visual search task, the conjunction search task, with the dominant versus the non-dominant eye.
Feature search vs. conjunction search
Detection of an element that differs significantly from surrounding elements, even in a single dimension such as orientation, is an easy task. The odd element is said to ''pop-out" and its detection is rapid and parallel, i.e., independent of the number of distractors (Treisman, 1988; Treisman & Gelade, 1980; Treisman & Souther, 1985) . This type of perceptual task is called Feature Search and is distinguished from slower searches such as Conjunction Search, which require use of focused attention and result in a linear increase in search time with the number of items in the display (Treisman, 1982 (Treisman, , 1988 Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989) .
We previously found that Feature Search performance is superior when the target is presented to the subject's dominant eye than when it is presented to the other eye, especially when the distractors are all presented to the non-dominant eye. We argued that a target which is seen through the dominant eye is more salient than a target which is seen through the non-dominant eye. This salience effect influences pop-out performance and leads to priority of the dominant eye. In addition, performance is influenced by the difference between target and distractor salience, so that when the salience difference due to the dominant eye effect adds to the salience of the target element-e.g. by viewing the target through the dominant eye and the distractors by the non-dominant eye-then the target will pop-out more easily. We concluded that the dominant eye inhibits information which arrives via the non-dominant eye, strengthening the dominance effect. We also found that performance is affected by the eye viewing the surround, not only for the nearest neighbors to the target, but also for elements much further away, perhaps suggesting a high level mechanism for this eye dominance effect.
We now ask whether this advantage is present also for slower conjunction search. Since conjunction search may require serial shifts of attention among the search array elements (or groups of such elements)-as suggested by the set-size dependence of the search times (Treisman & Gelade, 1980) , it may be that there will be no dependence on eye of origin. This expectation is strengthened by the widely accepted result that there is no conscious utrocular information available to the subject (Smith, 1945; Wolfe & Franzel, 1988) . On the other hand, array elements viewed through the dominant eye may appear as if they have somewhat greater intensity, drawing attention to these elements with some priority (see, e.g., Wolfe's guided search hypothesis; Wolfe, 1994) .
We evaluated the relationship between eye dominance and performance on a conjunction search task. We particularly wanted to test if the priority of the dominant eye in the feature search task, which we found recently (Shneor & Hochstein, 2005a , 2005b , 2006 , persists also in the conjunction search task.
Arrangement of distractor elements
For conjunction search, it is expected that performance will depend on the target-distractor difference and on the number of items in the display. To test the effect of eye dominance in conjunction search, we controlled the eye through which subjects viewed the target and we used three different array sizes.
General methods

Subjects
Nine subjects performed the experiments (6 women and 3 men; 21-33 years of age with a mean of 25). They were compensated for participation. Visual acuities (VA; Snellen Chart for Far Vision and Rosenbaum Pocket Vision Screener for Near Vision) were tested for each subject, and only those with normal or corrected-tonormal vision (20/20 or better; j1+) and similar VA in their two eyes (same chart line), participated in the experiment.
Eye dominance
Dominant eye was determined several times, using the Hole-in-the-Card test (Durand & Gould, 1910) . Each subject held a black card (20.5 Â 11.0 cm) with both hands outstretched straight forward for a distant target and with their elbows on the desk for a near target, and sighted the target through a hole in the card (3 cm diameter for distant target; 1 cm for near target). Targets were a red circle (of 5 cm diameter at 2.5 m distance) and a cross (1 Â 1 cm at 57 cm distance). When the target was sighted, the examiner covered alternately each of the subject's eyes, and asked if the target was still visible. The eye with which the subject viewed the target was the dominant sighting eye. Using the dependable Hole-in-the-Card test with these precautions, (see Section 1), we found that all subjects had consistent results with the Hole-in-the-Card test. 5 subjects (3 men) were found to have a right dominant eye, and 4 (all women) a left dominant eye. Data for the right and left dominance groups are combined for this study.
Apparatus and stimuli
Visual stimuli were presented on a 17-in. PC computer monitor placed 57 cm from the subject (75 Hz refresh rate; 1024 Â 768 pixel resolution). Using red-green glasses, subjects viewed a briefly presented array of dotted squares and filled circles, followed by a masking stimulus. Arrays could have 6 Â 6 (''36"), 4 Â 6 (4 vertical Â 6 horizontal; ''24") or 4 Â 4 elements (''16") pseudo-randomly colored green (RGB: 0, 224, 0) or red (RGB: 224, 0, 0). Screen background was gray (RGB: 215, 215, 215) . In each case, half of the elements were circles and half squares. In addition, squares and circles were each half red and half green. Circle and square colors were chosen so that through the red-green glasses one eye saw only the red and the other only the green element. Both were perceived as black on a gray background. An example of the 36 element stimulus array is shown in Fig. 1 , drawn in black and gray as it was perceived by the subjects (though in actuality it was presented with each element being either red or green).
Circles and squares were 2.1°in diameter and were positioned on the array (at an average inter-element edge-to-edge distance of 12 pixels, both horizontally and vertically) with a random positional jitter of up to 6 pixels in either direction. In addition, in order to help fusion, each array was within a black frame, which was presented to both eyes (17.5 cm width Â 17.5 cm height and 0.45 cm thick; RGB: 0, 0, 0). Stimuli were tested with a photometer (United Detector Technology type 61 Optometer) and brightness was found to be similar through the red and green lenses: 13.2 and 13.5 candles/m 2 , respectively. Thus, some of the elements were presented to the left eye and some to the right eye, and we could test for differences in performance when subjects detected the target with the dominant vs. the nondominant eye. As expected for generally limited utrocular discrimination (see above), subjects were unaware of the eye through which they viewed the target.
On half of the trials, one dotted square was replaced by a filled square-the target. The target was located in one of the central 16 (4 Â 4), 8(2 Â 4) or 4 (2 Â 2) elements for the 36, 24, and 16 element arrays, respectively. This was to avoid placing a target in a position where it would not be surrounded by non-target elements. For each array size, the distractor elements were presented half to each eye, i.e. they were half each of the same or opposite color as the target. In the example of Fig.  1 , the full-square target is placed in an array of 36 elements with full circles and dotted squares. As mentioned above, the figure shows elements as they were perceived through the red-green glasses-in black and gray-while in actuality they were half red and half green.
Procedure
Subjects viewed a fixation cross (vertical and horizontal lines of 0.8°length and 0.15°thickness) followed by the stimulus, after a random delay of 150-350 ms (in 50 ms steps). Stimuli appeared for a variable duration of 104, 208, 312 or 416 ms, followed by a 180-ms duration masking stimulus, a 6 Â 6 array of dotted black circles (2.1°in diameter) and rhombus/diamond shaped elements (2.5°width Â 2.5°h eight). Inter-stimulus interval was zero so that stimulus duration equals Stimulus-to-mask Onset Asynchrony. Trial temporal sequence is shown in Fig. 2 .
Subjects reported presence/absence of a full square element in the array, by pressing assigned keys on the keyboard (''v" for no and ''n" for yes). Correct responses were positively reinforced by a pleasant sound. Four of the subjects started viewing the experiment with the red filter on their right eye and green on their left, while the others (n = 5) started with oppositely oriented glasses. When the subject reached the middle of the experiment (96 trials), they were instructed to flip the glasses. No significant difference was found between subjects who began the experiment with the different glasses orientation (p = .99).
Trials
The 192 experimental trials were divided into 4 blocks of 48 trials. These 48 trials were divided equally into trials with or without a target, with the target, when present, being presented in pseudo-random sequence to the dominant or the nondominant eye. The 48 stimuli were divided into 4 sub-blocks of fixed stimulus duration. In the first block, stimulus-duration sub-blocks were in a fixed order (416, 208, 312, 104 ms) ; for the other blocks, the duration sub-blocks were in random order.
Results
Performance and detectability
We found better performance for detecting the odd element with the dominant eye than with the non-dominant eye, as demonstrated in Fig. 3 , left. Superior performance with the dominant eye is especially pronounced for long stimulus durations. For this and the following figures, results were averaged across the 9 subjects; in this figure the results include the 3 array sizes, as well (see Section 2).
A four-way ANOVA showed significant main effects for eye dominance, stimulus duration, array size and subject, as shown in Table 1 , left. We included subject as a main factor in the ANOVA, since we expected that there might be differences in degree of eye dominance in different subjects. Indeed, interaction terms were significant for subject Ã dominance (F = 2.38; p < .02) and array size Ã stimulus duration (F = 3.50; p < .03), reflecting different The test stimulus was an array of dotted squares and filled circles which were pseudo-randomly colored green or red so that each was seen by only one eye when viewed through red-green glasses. In the figure, we show an example of an array with 36 elements as it was perceived through the red-green glasses, i.e. black elements on a gray background. Each array was within a black frame, seen by both eyes. On half of the trials, a filled, red or green, square-the target-replaced one of dotted squares, selected randomly from all the elements except those on the edges of the array. In all cases, half the elements were squares and half circles, and half of the elements of each shape were red and half were green. The distributions of shapes, colors and target presence/absence and location were all pseudorandomly chosen. Fig. 2 . Trial temporal sequence. Subjects viewed a fixation cross followed by the test stimulus (see Fig. 1 for an example) after a random delay of 150-350 ms. Test stimuli appeared for a variable duration of 104-416 ms, followed by a 180 ms duration masking stimulus (see Section 2). There was no delay between the stimulus and the mask, so that stimulus duration equals Stimulus-to-mask Onset Asynchrony (SOA). degrees of eye dominance in different subjects and different dependence on stimulus duration for different array sizes (e.g. for very small array sizes, performance may be close to ceiling; see Fig. 5 below) , while other interactions were of borderline significance, including subject Ã stimulus duration (F = 1.55; p = .062), dominance Ã array size (F = 3.02; p = .052) reflecting somewhat different performance dependence on duration for different subjects and different performance dependence on dominance for different array sizes (as above).
We also computed the detectability, d 0 , of the odd element target, taking into account responses for target absent trials (Green & Swets, 1966 , 1974 . The right graph of Fig. 3 demonstrates detectability results as a function of stimulus duration for target presented to the dominant or non-dominant eye, respectively. An ANOVA on the detectability data again showed significant main effects (as shown in Table 1 , right) for all main parameters: eye dominance, stimulus duration, array size and subject.
Significant interaction terms were subject Ã dominance (F = 2.21; p < .04), subject Ã stimulus duration (F = 2.08; p < .005) and stimulus duration Ã array size (F = 7.57; p < .001), again reflecting different degrees of dominance and duration dependence for different subjects and different dependences on duration for different array sizes.
Sigmoid function
Plots of detection or detectability vs. duration (Fig. 3 , left or right, respectively) are sigmoidal. We found the best-fit sigmoid (and derived its parameters) for the across-subject average data, separately for detection and detectability, and for target viewed by the dominant and non-dominant eye, using the following formula:
where d is the stimulus duration, P 0 and P 1 are the asymptotic performances for very short and very long durations, respectively; d m is the stimulus duration giving performance halfway between P 0 and P 1 ; and k is related to the slope at d m . These best-fit functions are drawn as the curves in Fig. 3 . Results for the dominant vs. non-dominant eye clearly differ in their long-duration asymptote, P 1 . Differences in other parameters are small or variable and difficult to assess precisely with the small number of durations used.
Effect for each size of array
As discussed in the Introduction, we used three different array sizes to test performance as a function of array size. The ANOVA results of Table 1 already show that there is a significant dependence on array size. We calculated average results (dominant and nondominant eye) for each array size in order to demonstrate this set-size dependence. Fig. 4 shows that detection and detectability were better for smaller array sizes, for every stimulus duration, confirming the set-size dependence for slow conjunction search (Treisman & Gelade, 1980) .
In addition, we tested performance for the dominant vs. nondominant eye for each array size. Fig. 5 shows that for each array size, performance when viewing the target with the dominant eye was better for both detection and detectability. Again, this dependence on eye dominance was greater for the more difficult cases of larger array size, and for (easier) longer stimulation durations. We relate in Section 5 to the fact that these factors (duration and set-size) seem to have effects in opposite directions-with difficulty increasing the dominance effect for set-size and decreasing dominance difference for duration. The dependence on duration is absent for the smallest array size, where performance and detectability are always close to ceiling, for both eyes-and no difference is seen between the eyes. A post hoc t-test showed a significant dominance effect for the large array size of 36 elements (detection: p < .02, d 0 : p < .04). The graphs of Fig. 5 may be used to determine the stimulus duration required to achieve threshold performance or detectability level-for each array size and for each eye. The results can then be used to determine a mean duration per element required for detection or detectability at this threshold level. This is not equivalent to the usual set-size slope, which is determined in an Fig. 3 . Detection performance and detectability in conjunction search. Performance (% hits) and detectability (d 0 ) for target seen by the dominant eye (squares) vs. nondominant eye (triangles) as a function of stimulus duration (in ms, here and in all graphs). Note dominance effect, i.e. significantly better performance and higher d 0 for targets presented to the dominant eye. Curves are best-fit sigmoids, as described in the text. Error bars (SEM) reflect inter-subject differences. un-masked detection experiment and where the measured parameter is Reaction Time (rather than performance level). Nevertheless, we note that such a computation (using a threshold of 75% correct and d 0 = 2.0) leads to a mean duration per element which is 1.5 times as long for the non-dominant eye as for the dominant eye.
Another way of comparing the general results for the dominant versus the non-dominant eye is to average the results across stimulus durations. This analysis results in mean performance rates of 75.0%, 87.5% and 96.5% for array sizes 36, 24 and 16, respectively for the dominant eye and 61.8%, 84.0% and 95.8% for the non-dominant eye. This means that the non-dominant eye performance was reduced, relative to that of the dominant eye, by a factor of 17.6%, 4.0% and 0.7% for the different array sizes, respectively. Similarly, for detectability, d' was 2.09, 2.73 and 4.04, respectively, for the dominant eye and 1.66, 2.49 and 4.00, for the non-dominant eye, leading to a reduction in detectability by a factor of 20.6%, 8.8% and 1.0%, respectively, for array sizes 36, 24 and 16. Thus, the dominance effect is indeed greatest for the largest array size, but it is also seen for the intermediate array size, as may be seen in Fig. 5 .
Dominance index
As a tool for measuring the dominance effect, we define a dominance index (in percent), as DI ¼ 100 Â ½PðDÞ À PðNDÞ=½PðDÞ þ PðNDÞ where P, performance (% correct or d 0 ); D, dominant eye; ND, nondominant eye.
In Fig. 6 , we plot the DI for each array size, for detection and detectability, as well as the mean DI for all array sizes together. The DI is always positive, reflecting superior performance with the dominant eye. The dominance index depends on array size and is greatest for the largest array size.
Criterion
We calculated the criterion for detection through the dominant vs. non-dominant eye for each subject. We found a higher criterion (i.e. further away from optimal criterion, and in the direction of . Detection and detectability dependence on eye dominance for each surround size. Percent correct detection of the target (left) and detectability (right) as a function of stimulus duration, for each array size and eye viewing the target (dominant eye, D-filled symbols and full curves; non-dominant eye, ND-empty symbols and dashed curves). Note that the set-size dependence is seen for each eye, separately. In addition, for each array size, the dominant eye performs better than the non-dominant eye, but the dominant-eye advantage is more apparent for larger array sizes. conservatism, i.e. a larger tendency to reply ''no target") for the non-dominant eye, as shown in Fig. 7 (left) . An ANOVA showed significant main effects for stimulus duration (F = 34.95, p < .001), subject (F = 33.28, p < .001) and array size (F = 42.61, p < .001). Since the main effect of dominance was not significant, we calculated the criterion again, this time for different array sizes. Fig. 7 (right) shows that the criterion is higher for the non-dominant eye for each array size, growing with array size. For the 36-element array, there was a significant difference between the criteria for the dominant versus the non-dominant eye (dominant: c = 0.273; nondominant c = 0.488; post hoc t-test p < .02). This means that subjects are more conservative with their non-dominant eye, and are more definitive with their dominant-eye for the large array size (i.e. they say ''yes" more easily when they see the target with their dominant eye). The only interaction term which was significant was stimulus duration Ã subject (F = 6.55, p < .001), reflecting different degrees of duration dependence for different subjects.
Binocular vs. dominant or non-dominant viewing
We have found above that performance is better when the dominant eye rather than the non-dominant eye views the target in a conjunction search, as we previously found for feature search (Shneor & Hochstein, 2006) . We now wanted to test performance when the target is binocular (i.e. seen through both eyes) and the distractors are displayed dichoptically (as was done in the previous tests). If the visual system contains neurons that respond only to binocular input (Wolfe & Held, 1981) , we would predict that performance may increase for targets presented to both eyes, as a result of direct binocular processing, greater salience for binocular targets and/or lack of cross-ocular inhibition from the dominant eye. We performed a new conjunction search experiment in which subjects detected a target which was seen through both eyes together. Again, subjects were asked to detect a filled square in the array; however, this time the square was gray rather than red or green and was thus seen through both eyes. Distractors were still presented half red and half green, i.e. so that they were viewed monocularly.
Methods
Six subjects performed this new conjunction experiment, all of whom had previously participated in the above conjunction experiment. The new experiment was identical to the previous one, with the exception that the target was a filled gray square (RGB: 75, 75, 75) and was seen binocularly through the red-green glasses-and at a brightness which was the same as the red or green stimuli seen through the green or red filters (see above). Other factors (e.g. size, distributions, stimulus durations, randomization of trails) were the same as used before. We note that the binocular target is not detected only by ''purely binocular processes" (Wolfe & Held, 1981 , 1983 in the sense that while it is viewed by both eyes, it is also visible by each eye, and will be detected also by monocular processes.
Results: Performance and detectability
We found better performance for detecting the odd element with both eyes than with the dominant or non-dominant eye, Fig. 6 . Dominance index for detection and detectability. The dominance index is the difference between the performances with each eye divided by their sum; positive values reflect superior performance by the dominant eye (see text). The dominance index (DI) is shown for the entire data set, as well as separately for each array size. Note that the dominance index both for detection (left) and detectability (right) is higher for larger array sizes. Fig. 7 . Criterion for dominant vs. non-dominant eye. The criterion for the non-dominant eye (diagonally stripped bar) is higher than the criterion for the dominant eye (filled black bar), reflecting a more conservative strategy (more ''no" than ''yes" responses) and a less optimum criterion choice (since zero is optimum), when perceiving the target through the non-dominant eye. This is true for global detection (left) and for each array size (right). In addition, the criterion is higher for larger array size. This may reflect a more conservative criterion for the more difficult case of search in a larger array-as well as when detecting the target with the non-dominant eye.
separately, as demonstrated in Fig. 8 , left. Superior performance with both eyes is pronounced for all stimulus durations. Taking together the data for the 3 array sizes, as was done in Fig. 8 , we find an overall increase in performance for the binocular target.
A four-way ANOVA for the performance data of the 6 subjects who performed both experiments, showed significant main effects for eye(s) viewing the target, stimulus duration, array size and subject, as shown in Table 2 , left. We included subject as a main factor in the ANOVA, since we found a differences in degree of eye dominance in different subjects in monocular conjunction search (see Table 1 ). Post hoc t-tests showed that performance with a binocular target was superior to that with either a dominant eye or nondominant eye target view, p < .001 and p < .001. All interaction terms were significant: stimulus duration Ã eye(s) (F = 2.67; p < .02), stimulus duration Ã array size (F = 1.87; p < .05), stimulus duration Ã subjects (F = 4.01; p < .001), eye(s) Ã array size (F = 2.42; p < .02), eye(s) Ã subjects (F = 8.14; p < .001) and size Ã subjects (F = 1.92; p < .05), reflecting different degrees of dependence on eye(s) viewing the target, array size and stimulus duration in different subjects, different dependences on eye(s) viewing target and array size for different stimulus durations and different dependences on eye viewing target for different array sizes.
We also computed the detectability, d 0 , of the odd-element target, taking into account responses for target absent trials (Green & Swets, 1966 , 1974 . The right graph of Fig. 8 demonstrates detectability results as a function of stimulus duration for target presented to both eyes, to the dominant or to the non-dominant eye, respectively. An ANOVA on the detectability data again showed significant main effects (as shown in Table 2 , right) for all main parameters: eye(s), stimulus duration, array size and subject. Post hoc t-tests showed that detectability with a binocular target was superior to that with either a dominant eye or nondominant eye target view, p < .001 and p < .001. Interaction terms were significant for stimulus duration Ã eye(s) (F = 2.86; p < .02), stimulus duration Ã array size (F = 1.83; p < .05), stimulus duration Ã subjects (F = 5.97; p < .001) and eye(s) Ã subjects (F = 6.60; p < .001), reflecting different degrees of dependence on eye(s) viewing target and stimulus duration for different subjects and different dependences on eye(s) viewing target and array size on stimulus duration.
We conclude that targets viewed binocularly are more easily found than are targets viewed by either the dominant or non-dominant eye separately, supporting the conclusion that the visual system contains a ''purely" binocular process (Wolfe & Held, 1981 , 1983 .
The case of binocular vs. monocular visual search may be compared to that of visual acuity. Binocular visual acuity in normal subjects is better than monocular visual acuity (Campbell & Green, 1965) . This improvement with binocular viewing has been attributed to the statistical advantage of having two independent sources of input rather than one (which increases the probability of veridical perception; Pirenne, 1943) . Binocular enhancement may also derive from neural summation combining information from the two eyes at a higher cortical level (Blake & Fox, 1973; Blake, Sloane, & Fox, 1981; Campbell & Green, 1965) . The very large improvement for binocular targets in conjunction search (e.g. seen in Figs. 8 and 9 ) may suggest that probability summation is insufficient alone, and that the use of ''purely" binocular processes is required to explain this superior performance.
Results: Effect for each size of array
As in our previous experiments, we used here, too, three different array sizes to test performance for detection and detectability as a function of array size. The ANOVA results of Table 2 already show that there is a significant dependence on array size. In addition, we tested performance for binocular target view vs. dominant or non-dominant target view for each array size. Fig. 9 shows that for each array size, performance, when viewing the target with both eyes, was better for both detection and detectability. Post (right) is better when the target is seen through both eyes (gray circles and line; n = 6), than through the dominant (full square; black line; n = 9) or non-dominant eye (empty square; dotted black line; n = 9).
hoc t-tests showed better performance (except for the smallest array size) for binocularly viewed target over viewing with the dominant eye (detection: 36 elements: p < .002; 24: p < .005; 16: p = .29; d 0 : 36 elements: p < .001; 24: p < .001; 16: p = .053) as well as over viewing with the non-dominant eye (detection: 36 elements: p < .001; 24: p < .001; 16: p = .29; d 0 : 36 elements: p < .001; 24: p < .001; 16: p = .053).
Control experiment
It is well known that utrocular information is insufficient for creating a pop-out effect (Wolfe & Franzel, 1988) . While the brain certainly has the information concerning the eye of origin of visual stimuli at early stages of visual processing, this information is presumably ''lost" at higher levels and we are not aware of which eye is being stimulated. Thus, when we reported that pop-out features, or conjunction targets are found more easily when viewed through the dominant eye, it was clear that the eye of origin only affected (unconsciously) the salience of the target, and that the eye of origin itself was not a pop-out feature.
Could it be that binocularity itself is a pop-out feature, and that our current finding that performance is superior for binocular conjunction targets is due directly to this feature, without the need for a conjunction search?
Consequently we performed an additional experiment, which was again exactly the same as the above conjunction experiments, except for the nature of the target. Here, we used a gray filled circle as a target instead of a filled red, green or gray square. The array also contained many green and red filled circles (as well as dotted squares). Thus, the target was the same as half of the distractors, except that it was viewed binocularly rather than through one or the other eye. Subjects were asked to detect a ''different" circle in the array. If there is no information available concerning eye of origin-including whether the object is viewed monocularly or binocularly-then the array should appear homogenous, containing circle and square elements, without a single ''odd" element, and performance should be very poor.
Four subjects (who had previously performed the above tests) performed this experiment. Performance was indeed very poor on this strange task. As seen in Fig. 10 (circular symbols), subjects Performance and detectability for different eye(s) viewing the target, for different array sizes. When viewing the target with both eyes, performance was better for both detection (left) and detectability (right). Symbol color and filling as in Fig. 8 ; circles, triangles and square symbols represent different array sizes (16, 24 and 36 elements, respectively). Note strong dependence on array size, as expected for a conjunction search task, which is maintained also for the cases where the target is viewed binocularly. were very poor at detecting this binocularity target, as measured by either detection or detectability. Performance is especially poor when comparing these results to performance with a binocular square conjunction target (Fig. 10, squares) . This difference is seen for each array size, as demonstrated in Fig. 11 .
A four-way ANOVA comparing the two target shape conditions showed significant main effects for target shape, subject and array size, as shown in Table 3 . The only interaction term that was significant was target shape Ã subject (detection: F = 29.33; p < .001; d 0 : F = 7.91; p < .001), reflecting individual subject differences on the control experiment with a circular target.
As above, we used three array sizes for this control experiment. The ANOVA results of Table 3 already show that there is a significant dependence on array size. In addition, we tested binocular performance vs. target viewed by the dominant or nondominant eye, for each array size. Fig. 11 shows that for each array size, performance, when viewing the target with both eyes, was insufficient for detection; it needed to be also a shape/filling conjunction target. Post hoc t-tests showed very significant differences between circle and square targets for each array size (detection: 36 elements: p < .001; 24: p < .002; 16: p < .001; d 0 : 36 elements: p < .001; 24: p < .001; 16: p < .001).
We conclude that search for a conjunction target is facilitated by use of a binocular target, but the feature of binocularity itself-as the eye-of-origin feature-is insufficient for good detection performance.
Discussion
In summary, we found a hierarchy of visual search performance: Performance is better for binocular targets, suggesting perhaps the presence of a ''purely" binocular process and-for monocular targets-is better when using the dominant eye, suggesting that this eye may have priority in visual processing. It is known that when there is direct competition between the two eyes, the dominant eye takes over more frequently . We have now shown that even when we use the Hole-inthe-Card test (a monocular rather than a competitive binocular test) for determining subjects' dominant eye, there is an advantage to information gathered by the dominant eye.
We previously found a dominance effect for the pop-out search task (Shneor & Hochstein, 2006) , apparently deriving from mutual inhibition between representations of information from the two eyes and greater salience for the representation for the dominant eye. We have now found again that there is better performance for the dominant eye, especially for large arrays, however this time, for slow and difficult conjunction search. This is true, even though half of the elements in the array were seen through the dominant eye and half were seen through the non-dominant eye (similar to the case of the ''mixed" type of array of Shneor & Hochstein, 2006) . Once again, we suggest that the source of this effect may be mutual inhibition, which would tend to enhance dominance priority especially for large arrays-perhaps because there may be a greater inhibitory effect when there are more elements seen through the dominant eye.
We have argued before (Shneor & Hochstein, 2006 ) that pop-out depends on the difference between target and distractor element salience, and that when the target is seen through the dominant eye, it is perceived as more salient, leading to better performance. We also suggested that the dominant eye inhibits information from the non-dominant eye, which enhances the salience difference. Dominance priority may lead to faster processing of visual information arriving from the dominant eye Minucci & Conners, 1964; Money, 1972; Porac & Coren, 1979; Sampson & Spong, 1962) or to a larger representation of dominant eye information . We now corroborate this theory with the result of a dominance effect in conjunction search. Faster processing in this case was measured by better performance for the same stimulus durations, a more optimal criterion level, and a shallower set-size dependence.
The dominance effect that we found was greater for longer stimulus durations. This may be due to the need for considerable processing time to activate the interaction between the representations from the two eyes, leading to stronger inhibition of nondominant eye input. We also found stronger dominance effects for longer stimulus durations in our study of the pop-out search Fig. 11 . Performance and detectability for circle vs. square binocular targets for different array sizes. Performance (left) and detectability (right) for detecting a gray filled circle (empty symbols) among red and green filled circles and dotted squares, compared to detecting a binocular filled square conjunction target (filled symbols). The difference seen in Fig. 10 is true also for each array size. task, when using a limited ''ring surround" (see Experiment 2 of Shneor & Hochstein, 2006) . We note that even in cases of binocular rivalry, where there is ultimately a strong inter-ocular suppression, there is an initial period of binocular fusion (Wolfe, 1983) . We also found a higher (less optimal) criterion for larger arrays (especially those with 36 elements) and for non-dominant eye targets. This result can also be due to the dominance effect despite the fact that subjects are generally not aware of utrocular information, i.e., they perceive the entire array as one image without knowing which part of the stimulus is seen by each eye. Although it is well known that utrocular information is not consciously available, and can not be used by itself for visual search (Wolfe & Franzel, 1988) , we have now found that the decision concerning the presence of an odd element is influenced, probably unconsciously, by utrocular information. It would seem that subjects feel more confident and do not hesitate to say ''yes" when the task is easier, e.g. when the array is small and when they see the target through the dominant eye. On the other hand, when subjects view the target through the non-dominant eye, they are more conservative and say ''no" more often, even when the odd element is present. Again, this may imply faster processing or stronger activation for the dominant eye.
It would be interesting to speculate as to the mechanism underlying the dominance effect for conjunction search. It is well established that subjects use focused attention to perform the conjunction search task (Hochstein & Ahissar, 2002; Treisman & Gelade, 1980) . Recently, Roth et al. (2002) showed that eye dominance predicts a bias in the line-bisection-in-depth task and concluded that attentional systems may be activated differently by the two eyes. Accepting this conclusion of Roth et al. (2002) , the better performance for the dominant eye in conjunction search is explained by the greater attention paid to the dominant eye's more salient view. It may be possible that the brain ascribes more salience to the dominant eye's view, leading to greater salience for pop-out targets seen by this eye, and to greater attention paid to elements-including conjunction targets-seen by this eye. Thus, the dominance priority in the two categories of visual search task-pop-out and conjunction search-may derive ultimately from the same salience effect, but perhaps via different routes.
Control of the inherently variable degree of salience ascribed to different dimensions has been suggested in various contexts, including the Guided Search model (Wolfe, 1994) and the Dimensional Weighting model (Found & Müller, 1996) . In this view, overall (integrated) salience for controlling focal attention for conjunction search (Treisman & Gelade, 1980) may be determined by the nature of the target (e.g. how it combines the features present in the display), the distribution of distractors (e.g. Zohary & Hochstein, 1989) , and perhaps the eye(s) viewing different array elements (current results). This saliency determination may proceed from a monocular to a binocular computation.
Interestingly, it would seem that the degree of dominance effect is not directly related to task difficulty since manipulating difficulty by one of the two factors that we studied, duration and setsize, seem to have effects in opposite directions. That is, the dominance effect is reduced for more difficult short durations, but dominance is enhanced for more difficult large set-sizes. Taken together, these results suggest that it is not simply difficulty that enhances the dominance effect. Rather, these two seemingly opposite effects may be explained jointly by assuming that it is processing duration that affects dominance. Following Wolfe (1983) we suggest that inter-ocular competition for focused attention may be delayed and activated only for prolonged processing periods. Two effects can extend visual processing: extending the stimulation duration (even though the task gets easier) or enlarging the setsize, which increases processing duration by making the task harder.
A ''purely binocular" process is defined as a process that is activated only if both eyes are stimulated at the same time (with similar patterns), and is not activated by stimulation of either eye alone. Held (1981, 1983) provide evidence for presence of such a purely binocular process in the human visual system in that they found a reduced magnitude tilt after-effect for binocular testing following monocular adaptation. We found better performance when the target was binocular vs. monocular (Figs. 8 and  9 ). This result, too, may depend on purely binocular neurons. While this ''purely" binocular process enhances conjunction target detection, our control experiment showed that binocularity itself is insufficient for achieving the same level of detection-just as utrocular information is insufficient (Wolfe & Franzel, 1988) .
Conclusions
In conclusion, we found evidence supporting the hypothesis that ocular dominance is not only a mechanism by which the visual system chooses which eye to use for monocular tasks. Rather, there is a clear advantage to using the dominant eye also for binocular tasks. Objects seen through the dominant eye seem to be more salient than those seen by the non-dominant eye. This salience advantage may be enhanced by cross-eye inhibition, at least when the view seen by the two eyes are not in accord. (Nevertheless, we are not dealing here with direct conflict between the views of the two eyes, as in binocular rivalry.) The added salience gives priority to the dominant eye view in visual search tasks, both in rapid feature search (Shneor & Hochstein, 2006) and in slower conjunction search (this report). In conjunction search, as in feature search, it is easier to detect the target with the dominant eye. In addition, the set-size slope is shallower for the dominant eye. We suggest that the brain also pays more attention to information arriving via the dominant eye-due to this added salience-although subjects are not aware of utrocular information. Finally, binocular mechanisms allow even better search performance when the target is seen binocularly. Further research is required to determine if under some circumstances implicit utrocular information may serve as a basis for visual search.
